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ABSTRACT A photoacoustic (PA) sensor has been developed
to monitor hydrogen chloride at sub-ppm level in the 1740-nm
region. The system was designed to control the process in the
novel low-water-peak optical fiber manufacturing process. Re-
laxation effects in hydrogen chloride PA detection in oxygen–
helium and nitrogen–helium gas mixtures are presented, show-
ing that the generation of the PA signal is strongly affected by
the ratio of these substances. In addition, the role of water vapor
in the PA signal is investigated.
PACS 42.62.Fi; 78.20.Hp; 34.50.Ez
1 Introduction
Photoacoustic spectroscopy (PAS) is a widely rec-
ognized technique for its high performance in the detection
of trace gases in various applications [1–3]. The main advan-
tages of this technique are its intrinsically zero background
nature and its achromaticity, which result in a very sensitive
and simple setup arrangement suitable in a broad spectral re-
gion ranging from the ultraviolet to the mid infrared.
The development of photoacoustic (PA) sensors operating
in the near-infrared (NIR) range has strongly increased in re-
cent years due to the excellent properties of the available diode
lasers. Such laser sources provide single-mode emission (for
instance distributed feedback (DFB) lasers) with narrow line
width (typically a few MHz), an output power ranging from
a few mW to several tens of mW, modulation capabilities and
thousands of hours of operation. Moreover, their compact size
and their fiber-coupled output make them easy to align with
the PA cell.
Despite its above-mentioned advantages, PAS is an in-
direct method since the optical energy absorbed by the
molecules is detected through an acoustic wave generated in
the gas due to thermal expansion resulting from the vibration-
to-translation (V–T) relaxation of the excited molecules.
Consequently, the conversion from optical to thermal energy
depends on the physico-thermal properties of the gas, so that
a calibration of the sensor is required. Whereas molecular re-
 Fax: +41-21-693-2614, E-mail: jean-philippe.besson@epfl.ch
laxation of the excited rovibrational state is assumed to be
instantaneous in most cases, some particular gas mixtures re-
sult in a much slower process. In this case, the PA signal is
strongly influenced by this phenomenon and requires a pre-
cise analysis.
Molecular relaxation effects have been described in the
NIR for the detection of methane (CH4) [4], carbon dioxide
(CO2) [5] and hydrogen cyanide (HCN) [6]. In this paper,
we report the influence of molecular relaxation on hydrogen
chloride (HCl) detection in different gas mixtures containing
helium (He). HCl is an important indicator of gas purity in the
manufacturing of the new zero-water-peak fibers used in op-
tical telecommunication networks [7]. The manufacturing of
the fiber preform is usually made by modified chemical vapor
deposition and the carrier gas used in this process mainly con-
sists of a mixture of oxygen (O2) and helium. Thus, HCl is
detected in a specific mixture made of these two compounds.
In addition, the effect of nitrogen (N2) on HCl detection is also
investigated. Finally, the effect of water vapor (H2O) playing
the role of a catalyst in the PA signal is described.
2 Experimental details
A fiber-coupled PA sensor based on a resonant con-
figuration has been developed to detect HCl. Details of the
sensor architecture and performances can be found in [8]. The
PA cell consists of three parallel resonators enabling the possi-
bility to measure up to three different gases using three lasers,
but only one resonator has been used in the present work
(Fig. 1). The PA sensor is operated in its first longitudinal
mode with a resonant frequency around 1 kHz in air. A sensi-
tive electret microphone located at the center of the resonator
is used to detect the acoustic wave. After amplification, the PA
signal is measured using a lock-in amplifier with a time con-
stant usually set to 10 s. Finally, the PA signal is recorded by
a computer.
A pigtailed DFB laser tuned to 1738.9 nm is used to
probe the R4 HCl line in the 2ν band. The temperature
and current tuning coefficients of the laser are respectively
−12.5 GHz/◦C and −0.86 GHz/mA and the average power at
the output of the fiber is 16 mW in the typical operating con-
ditions. The laser is connected to a fiber collimator which is
properly aligned along the cell axis to avoid any additional
acoustic noise (wall noise).
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FIGURE 1 Scheme of the experimental setup including the PA cell and
the gas-mixing system made of four mass-flow controllers (MFCs), certified
cylinders and a water-vapor saturator
The laser is current modulated at the resonance frequency
with a square waveform of proper amplitude in order to in-
duce wavelength modulation (WM). More details about the
modulation scheme are given in Sect. 3.1.
Various HCl concentrations and carrier gas compositions
have been prepared from certified cylinders using mass-flow
controllers (MFCs). A cylinder of 50 ppm HCl buffered in He
and pure gases (N2, O2 and He) have been used to perform
the measurements. A total flow rate of 500 sccm (standard
cubic centimeters per minute) and a constant dilution of 5 ppm
HCl were used to point out molecular relaxation effects. In
addition, water vapor could be added to the final gas mixture
by bubbling part of the flow into a water-filled glass cuvette
placed in a thermostat bath. All the measurements were per-
formed at atmospheric pressure.
3 Results and discussion
3.1 Normalization of the PA signal
In order to observe relaxation effects of HCl in He–
N2 and He–O2 gas mixtures, different ratios of He/N2 and
He/O2 were considered as a buffer gas. However, the varia-
tion of the He/N2 and He/O2 percentages has additional ef-
fects on the PA signal besides relaxation effects. In particular,
the buffer gas influences the resonance frequency, the qual-
ity factor and the cell constant, which are directly related to
the PA signal. For instance, the resonance frequency changed
from about 1000 Hz in N2 to 2700 Hz in He. Moreover, the
sensitivity of the microphone is frequency dependent and the
foreign-broadening coefficient of the considered HCl absorp-
tion line is different in helium than in oxygen or nitrogen. In
order to isolate the contribution of molecular relaxation from
other effects, a normalization of the PA signal has been used.
The basic target of this normalization was to compensate
as much as possible the variation of the HCl PA signal in the
different buffer gases that was not induced by relaxation ef-
fects. For this purpose, the PA signal measured for HCl has
been compared to the signal induced by another species that is
not subject to molecular relaxation in the considered gas mix-
tures. Water vapor has thus been selected, since no relaxation
effects occur for this substance at sufficiently high concentra-
tion [9]. The water-vapor PA signal was recorded in the same
gas mixtures (N2/He and O2/He of different mixing ratios)
as used for HCl measurement. A concentration of 1% of H2O
was measured using a 1369-nm DFB laser. Wavelength mod-
ulation was applied to both lasers through a modulation of
the laser injection current with a fixed amplitude optimized to
maximize the PA signal in air for H2O and in a 50% O2–50%
He mixture for HCl. This amplitude was then kept fixed dur-
ing all measurements, whereas the direct current was slightly
adjusted to maximize the PA signal.
Results of H2O measurements are presented in Fig. 2. The
obtained curves were then used for the normalization of the
HCl PA signal measured in the same gas mixtures. This nor-
malization takes into account the effects of the buffer on the
quality factor, on the resonance frequency and on the micro-
phone response. However, additional effects due to different
line-broadening parameters were not corrected with this nor-
malization. For instance, the broadening coefficient of the
water-vapor absorption line is dependent on the buffer gas
and is different from the broadening coefficient of the con-
sidered HCl absorption line. Therefore, a theoretical inves-
tigation through simulations was performed to estimate the
error induced by the line broadening in the normalization pro-
cess. A simulation of the WM-generated PA signals of HCl
and H2O was performed for this purpose. The simulation con-
sidered a Lorentzian line shape function and pure wavelength
modulation of the laser, i.e. neglecting the residual amplitude
modulation associated with the laser current modulation [10].
The effect of the normalized WM index m = ∆ν/∆νr [11] was
also taken into account, where ∆ν is the frequency deviation
of the optical carrier and ∆νr is the absorption line width. The
WM index depends on the gas composition, since the width of
the line changes, which produces a variation of the PA signal.
Foreign-broadening coefficients due to He, O2 and N2 are
required in the simulations for both HCl and H2O lines in
order to evaluate the error in the normalization process in-
duced by the different broadenings. However, these coeffi-
cients are not known for the considered transitions. There-
fore, estimated values have been considered based on results
reported in the literature for other HCl and H2O lines at
a close wavelength. For HCl, He-, N2- and O2-broadening
coefficients are reported for the nearby R3 line located at
FIGURE 2 Normalization curves performed in H2O diluted in a mixture of
N2–He (dashed curve) and in a mixture of O2–He (solid curve). The varia-
tion of the PA signal is mainly due to the difference in the line-broadening
coefficients of H2O in O2 and in N2
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Measurements Simulations
H2O HCl H2O HCl
λ (nm) 1368.7 1738.9 1393.5 1742.4
Identification See a R4 See b R3
Strength (cm−1/(mol cm−2)) 1.01×10−21 9.67×10−21 2.72×10−22 1.16×10−20
γair (cm−1 atm−1) 0.093 0.0537 0.0958 0.0624
γself (cm−1 atm−1) 0.51 0.2178 0.488 0.2408
γHe (cm−1 atm−1) – – 0.0221 0.0221
γN2 (cm−1 atm−1) – – 0.1130 0.0753
γO2 (cm−1 atm−1) – – 0.0644 0.0401
a (000)21,2 → (101)31,3
b (000)32,2 → (101)30,3
TABLE 1 Parameters of the lines used in the
measurements and in the simulations
1742.4 nm [12]. In this case, the broadening coefficient is
about 80% larger in O2 than in He and more than three times
higher in N2 than in He (see Table 1). Since the self- and air-
broadening coefficients are similar for this R3 line and the R4
line considered in this work [13], it was assumed that foreign-
broadening parameters were also similar between these two
lines. For H2O, the N2-, O2- and He-broadening parameters of
the considered line at 1368.7 nm were also unknown. These
parameters have thus been derived from the values reported
for another H2O line located at 1393.5 nm [14]. The differ-
ences in the air- and self-broadening coefficients between
these two lines were about 3% and 4% for the air- and self-
broadening coefficients, respectively. It was thus considered
that the broadening coefficients in He, N2 or O2 mixtures were
similar for the two lines.
The simulations performed in a He–N2 mixture resulted in
a 25% change in the 1 f PA signal ratio, whereas the variation
in a He–O2 mixture reached about 7%. In consequence, the
maximum residual error produced by the normalization curve
in mixtures of He–N2 and O2–He is estimated to be within
25% and 10%, respectively.
Finally, the normalization curve has been obtained with
a laser that was different to the one used to measure HCl
concentration, resulting in a difference in the modulation pa-
rameters. In particular, the laser frequency tuning ∆ν/∆i,
where ∆ν is defined above and ∆i is the modulation current,
changes with the modulation frequency and is laser depen-
dent. However, since the two lasers were provided by the same
manufacturer and since the operating points were similar, this
effect was neglected.
3.2 Molecular relaxation
In order to investigate molecular effects of HCl
in a He–N2 mixture, the response of the sensor to 5 ppm
HCl in different mixing ratios of He–N2 was measured.
Results are shown in Fig. 3. A rapid decrease of the PA
signal occurs when N2 is added to the gas mixture due to
relaxation effects. For a concentration of N2 larger than
70%, the PA signal is almost stable and reaches a value
reduced by 75% in 90% of N2 compared to the pure He
mixture. These results are due to molecular relaxation ef-
fects in the HCl/He/N2 mixture and may be explained by
the energy level diagram of HCl and N2 and by consider-
ing the deactivation pathway followed by HCl molecules
excited by the laser radiation (see Fig. 4). HCl is a polar di-
atomic molecule with a vibrational mode ν˜HCl = 2886 cm−1.
The spectroscopic properties of HCl required to understand
the relaxation effects are described in [15–18] and rovi-
brational energy transfer processes in HCl–O2/N2/He are
also discussed in a series of papers [19–22]. In addition,
the relaxation rates for different reactions are summarized in
Table 2.
FIGURE 3 Variation of the PA signal amplitude corresponding to 5 ppm
HCl as a function of N2 fraction in He. The PA signal has been normalized
by the PA signal recorded for H2O in the same buffer gas and normalized to
the value obtained in pure helium
FIGURE 4 Energy level diagram of HCl and collision partners N2 and O2,
showing the laser excitation to the ν = 2 state and the subsequent relaxation
scheme through V–V transfer to N2 or O2
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Reaction Rate (s−1 atm−1) Ref.
R1 HCl∗(ν = 1)+HCl → HCl(ν = 0)+HCl 6.3×105 [22]
R2 HCl∗(ν = 1)+He → HCl(ν = 0)+He 1.5×103 [19]
R3 HCl∗(ν = 1)+H2O → HCl(ν = 0)+H2O 3.8×108 [22]
R4 HCl∗(ν = 2)+HCl → HCl∗(ν = 1)+HCl∗(ν = 1) 7.2×107 [15]
R5 HCl∗(ν = 1)+O2 → HCl(ν = 0)+O2∗(ν = 1) 8.1×104 [19]
R6 HCl∗(ν = 1)+N2 → HCl(ν = 0)+N2∗(ν = 1) 6.6×105 [22]
R7 N2∗(ν = 1)+N2 → N2(ν = 0)+N2 1 [23]
R8 N2∗(ν = 1)+He → N2(ν = 0)+He 1.45×102 [24]
R9 N2∗(ν = 1)+H2O → N2(ν = 0)+H2O 1.1×105 [23]
R10 O2∗(ν = 1)+O2 → O2(ν = 0)+O2 63 [23]
R11 O2∗(ν = 1)+He → O2(ν = 0)+He 2.3×104 [25]
R12 O2∗(ν = 1)+H2O → O2(ν = 0)+H2O 1.1×106 [26]
TABLE 2 Examples of some relaxation rates
of some vibrational states of HCl with differ-
ent collisional partners. Reactions labeled in bold
correspond to V–T processes, the others to V–V
processes
The principal properties are described in the following
paragraph to understand, at least qualitatively, the effects of
relaxation in an HCl/He/N2 mixture. Since the laser diode
emits at 1738 nm corresponding to the ν = 2 vibrational state
of HCl, this level is highly populated and rapid subsequent de-
activation to the lower level (ν = 1) occurs through collisions
with N2 and He. This transition is the most probable, since it
corresponds to the smallest energy quantum. HCl molecules
in the ν = 1 state subsequently deactivate through collisions
with He and N2 (HCl–HCl collisions were neglected due to
the low HCl concentration (< 50 ppm)). The deactivation pro-
cesses (2 → 1) and (1 → 0) occur identically through two
different pathways, one through He collisions and the other
through N2 collisions. Collisions with He molecules occur
via the reaction R2, which is a direct V–T transfer that con-
tributes to the PA signal. However, the relaxation time of this
process, τHCl-He = 6.7×10−4 s at a pressure of 1 atm [19], is
not short enough to ensure that ωτ  1 (see (1); in this case,
ωτ = 12), so that the PA signal is already expected to be re-
duced in He. When N2 is added to the gas mixture, according
to the energy diagram, part of the released energy is trans-
ferred to the first excited state of N2 (ν = 1, ν˜N2 = 2330 cm−1)
through a vibration-to-vibration (V–V) process, which is the
most probable energy transfer. The path through N2 is much
more efficient (400 times) than through He (compare reac-
tions R2 and R6), so that part of the energy initially absorbed
in HCl transfers to N2. However, the deactivation of the N2
excited level to the ground state via V–T transfer is very
slow (τ = 1 s at 1 atm, see R7), so that ωτ  1. Therefore,
this energy accumulates in N2 and does not contribute to the
generation of the PA signal, so that only a reduced energy
∆E = ν˜HCl − ν˜N2 = 555 cm−1 takes part in the signal. The per-
centage of energy stored in the first excited level of N2 (ν = 1)
is 80%, corresponding to ν˜N2/ν˜HCl. The presence of He does
not improve the relaxation of the N2 (ν = 1) state, since the re-
laxation time of the V–T transfer N2–He is not small enough
(τN2-He = 6.9×10−3 s at 1 atm, reaction R8) to obtain the con-
dition ωτ  1.
The variation of the PA response of 5 ppm HCl in differ-
ent dry mixtures of He–O2 is shown in Fig. 5. An increase of
the PA signal is first observed when increasing the O2 con-
centration up to 30%. From that point, the PA signal starts to
decrease and reaches, in 90% of O2, a value close to the one in
pure He. These experimental results may be explained by con-
sidering the deactivation pathway followed by HCl molecules
excited by the laser radiation. The successive (2 → 1) and
(1 → 0) deactivation of HCl is the same as explained in the
preceding paragraph, the N2 partner being replaced by O2
molecules. Collisions with He are also the same as mentioned
in the HCl/He/N2 system.
When O2 is added to the gas mixture, a second relaxation
pathway is opened, so that excited HCl molecules deactivate
through HCl–O2 collisions as well. According to the energy
diagram, part of the released energy is transferred to the first
level of O2 (ν = 1, ν˜O2 = 1556 cm−1) through a V–V pro-
cess, which is the most probable energy transfer. In this case,
only the part of the energy ∆E = ν˜HCl − ν˜O2 = 1330 cm−1
that is not transferred in the first excited state of O2 directly
contributes to the PA signal. Here again, the deactivation of
this level to the ground state is long in the absence of He
(τ = 1/63 s at 1 atm, see R10) compared to the modulation
period, so that the energy transferred to O2 does not con-
tribute to the PA signal. In Fig. 5, the PA signal increases with
a few percent of O2, which can be explained as follows: the
relaxation of HCl is about 50 times more efficient with O2 col-
lisions than with He (compare reactions R2 and R5), so that
the V–V process with O2 is the preferred one. In this pro-
cess, only part of the energy (ν˜HCl − ν˜O2) is transformed into
kinetic energy contributing to the PA signal, the remaining be-
ing transferred into internal energy of O2, which has a long
relaxation time in the case of collisions with O2. However,
the presence of He plays the role of a catalyst for this relax-
ation (as already shown for the case of CH4 in O2 [4]), which
drastically reduces the time decay of the O2 excited state (see
FIGURE 5 Variation of the PA signal amplitude corresponding to 5 ppm
HCl as a function of O2 fraction in He. The PA signal has been normalized
by the PA signal recorded for H2O in the same buffer gas and normalized to
the value obtained in pure helium
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reaction R11). Therefore, the energy stored in the O2 (ν = 1)
level deactivates fast enough to contribute to the PA signal.
This two-step relaxation pathway is more efficient than the
V–T process due to HCl–He collisions, which explains the ini-
tial increase of the PA signal observed when adding O2 to He.
However, when the percentage of O2 increases more, the con-
centration of He is insufficient to reduce the relaxation time
and the PA signal starts to decrease.
Finally, the PA signal obtained in 90% O2 is more import-
ant than in 90% N2, since the part of the energy that is trans-
ferred into internal energy (to O2 or N2) and that is thus lost
for the PA signal (due to the long relaxation time) is weaker
because ν˜O2 < ν˜N2.
3.3 Improvement of V–T transfers
by the use of a catalyst
The efficiency of water vapor acting as a cata-
lyst was already demonstrated for the detection of methane
in the presence of oxygen [4]. The same procedure was ap-
plied to the HCl–He–O2 and HCl–He–N2 systems. Figure 6
shows the PA signal for a concentration of 5 ppm HCl and
a varying water-vapor concentration in a mixture of 50% He–
50% O2. The water-vapor content in the gas mixture was ad-
justed by passing part of the O2 flow through a saturator, i.e.
a water-filled glass cuvette placed in a thermostat bath. The
flow exiting the cuvette was saturated in water vapor and the
humidity was dependent only on the bath temperature. The
H2O concentration was then varied by changing the ratio dry
O2/humid O2. The water-vapor concentration was continu-
ously recorded with a commercially available hygrometer to
ensure the correct concentration. The PA signal increases as
soon as less than 1‰ of H2O is added to the mixture. The
effect of H2O on the deactivation of the first level of O2 is
immediate, since the O2 (ν = 1) relaxation time is drastically
reduced (see reaction R12), which improves the generation of
the acoustic wave.
A quantitative relaxation time τO2-H2O has been obtained
by applying a fit corresponding to the equation
SPA = Soff + S0 − Soff√
1+ (ωτ)2 , (1)
FIGURE 6 Amplitude dependence of the PA signal corresponding to 5 ppm
HCl as a function of the H2O content in the carrier gas composed of 50% O2
and 50% He. Dots represent the measurement points and the line is the result
of a fitting procedure (see text for details)
where Soff is the value obtained for the dry O2–He mixture
(0% H2O), S0 is the full PA signal obtained in the absence of
relaxation effects, ω is the angular modulation frequency and
τ−1 = CH2Oτ−1O2-H2O +CO2τ−1O2-O2 +CHeτ−1O2-He is the overall re-
laxation rate. This fit results in a relaxation time τ = (9.52±
0.9)×10−8 s at 1 atm (the error is the standard deviation given
by the fitting process), which is a factor of 10 lower than the
value given by reaction R12 (τ = 9.1×10−7 s at 1 atm).
The same procedure was applied in the HCl–He–N2 sys-
tem (50% He–50% N2) whose results are presented in Fig. 7.
An increase of a factor of 4 of the PA signal is obtained after
the addition of 0.8% of H2O in the He–N2 mixture. Here
again, the deactivation of the first N2 excited level is effi-
ciently achieved due to the catalyst effect of H2O (see reaction
R9). The effect is even more efficient in the N2–He mixture
than in O2–He, since He does not act as a catalyst for N2.
A quantitative relaxation time was extracted by the same fit-
ting procedure as described for the He–O2 system resulting in
a relaxation time of τ = (1.2±0.07)×10−7 s at 1 atm, which
is a factor of 70 smaller than the value given by reaction R9
(τ = 9.1×10−6 s at 1 atm).
The extracted relaxation times were in both cases much
smaller than the value given in [23], probably due to the fact
that the (V–T) relaxation process HCl–H2O (see reaction R3)
was not considered in our simplified model. The very effi-
cient corresponding rate in combination with a small fraction
of water vapor can thus not be neglected in our measurements,
since it opens an additional, fast relaxation pathway for the de-
excitation of HCl molecules, which affects the determination
of the relaxation times τN2-H2O or τO2-H2O.
In order to improve the precision of our measurements,
and to reduce the influence of other parameters unrelated to re-
laxation effects, a better normalization of the PA signal could
be obtained by using the measurement of HCl in the same
He–O2 and He–N2 mixtures, but with the addition of H2O, as
a reference. Molecular relaxation effects would therefore be
suppressed in this case and the unwanted contribution due to
the line-broadening parameters and to the laser frequency tun-
ing coefficient would be avoided, since the same laser and the
same absorption line would be used both for the measurement
and the reference.
FIGURE 7 Amplitude dependence of the PA signal corresponding to 5 ppm
HCl as a function of the H2O content in the carrier gas composed of 50% N2
and 50% He. Dots represent the measurement points and the line is the result
of a fitting procedure (see text for details)
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4 Conclusion
The importance of molecular relaxation in the gen-
eration of the PA signal has been demonstrated for the case
of HCl detection in mixtures of He–O2 and He–N2. The ef-
fect on the PA signal was qualitatively explained by the use
of the energy diagram of these substances and the associ-
ated relaxation rates. These two cases show the crucial im-
portance of a proper calibration of the PA sensor, since, for
example, replacing the same N2 concentration by O2 in he-
lium induces a drastic change in the sensor response. In add-
ition, the role of water vapor acting as a catalyst in both
He–O2 and He–N2 systems was clearly identified. Finally,
it was demonstrated that helium enhances the V–T transfer
in the HCl–O2 system, thus improving the generation of the
PA signal.
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